Introduction

44
Microalgae are considered to be a promising feedstock for the production of renewable 45 biofuels which would contribute to meeting the ever-increasing global demand for energy 46 (Mata, Martins, and Caetano 2010) . Compared to plant-based biofuel precursors, including both food crops such as corn or sugarcane and non-food plants, e.g. jatropha, microalgae 48 display superior growth rates and shorter generation time, can utilise wastewater as a nutrient 49 source, do not compete for arable land with food crops, and are expected to have low 50 environmental impacts etc. (Sheehan et al. 1998; Schenk et al. 2008 ; Brennan and Owende 
56
Amongst these, a major focus has been placed on the production of algal lipid, which can 57 contribute up to 70 wt% of dry cell weight and is readily converted into biodiesel, already 58 used as a fossil fuel substitute (Brennan and Owende 2010; Wen et al. 2016) . To facilitate the 59 commercialisation of this process, comprehensive studies have been conducted with the aim 60 to enhance both the biomass growth rate and biolipid productivity. For example, the effects of 61 modifying key operating conditions e.g. light intensity, temperature, pH and nutrient supply, μmol m -2 s -1 ) for 4 days, followed by inocculation into new PBRs at an initial biomass concentration of ~0.18 mg mL -1 . In total, four batch experiments were carried out with 120 different initial nitrate concentrations and light intensities as shown in Table I , and a constant 121 ambient temperature of 25 ± 1 ºC.
122
Analytical methods
123
Biomass concentrations (mg mL -1 ) were determined as described previously (Zhu and Lee 124 1997). Cells were harvested by centrifugation and pellets were washed twice with 0.5 M
125
NH4HCO3 and dried at 60 ºC to constant weight. Nitrate concentrations in the medium were 126 measured using a UV/VIS spectrophotometer with a pre-drawn standard curve for the nitrate-127 related light absorption (Chi et al. 2016 Eq. 6 is constructed in this study to simulate total fatty acid production ( • ). This equation
186
is then transformed to Eq. 7 to simulate the accumulation rate of intracellular fatty acid ( ).
189 where ′ and ′ are kinetic constants for biolipid synthesis and consumption, respectively,
190
and is intracellular fatty acids content (wt%).
191
Moreover, since the current study aims to simulate biodiesel production, FAMEs rather than 192 fatty acids are chosen for model construction. The benefit of modelling FAME production 193 instead of lipid content in cells is that FAME is the final product -biodiesel. Therefore, in the 194 current study, FAME production after lipid transesterification was measured directly and 
where , , and are modified parameters taking into account the complex effects of lipid 200 synthesis and transesterification conversion, and is FAME yield (wt%). 
210
To date, no research has quantified the correlation between Y(II) and nitrogen quota.
211
Nonetheless, it was found that an exponential relationship between photosynthesis rate and chlorophyll content exists in algae (Béchet, Shilton, and Guieysse 2013 proposed to use Eq. 9 to simulate the change of Y(II) with respect to nitrogen quota.
where , and are kinetic parameters in this equation. 
Simulation of light intensity
219
The effect of light intensity on biomass growth has been well studied and is commonly However, when adding light attenuation into the current model, the model complexity is 234 significantly increased due to the presence of both spatial and temporal dimensions. Thus, in order to simplify the model complexity for future use in control and optimisation, the 10-step
236
Trapezoidal rule (Eq. 12) is applied to eliminate the spatial dimension and the reactor is 237 assumed to be a column with a square cross section. The area of the square is equal to that of art interior point nonlinear optimisation solver (Wächter and Biegler 2005 The values of the model parameters are listed in Table II, intracellularly stored nitrogen for cell growth and its subsequent replenishment through nitrate uptake. At the start of the culture, the nitrogen quota ( Fig. 1(c) and Fig. 2(c) Caetano 2010), the yield of FAME ( Fig. 1(d) and Fig. 2(d) ) increases when nitrogen quota 290 drops, and decreases when nitrogen quota increases.
291
Confidence intervals are computed through the parameter estimation procedure. The Table II 298 must be understood as theoretical values. 
Sensitivity analysis results
300
The results from the sensitivity analysis are presented in Fig. 3 Fig. 3(a) ) and nitrogen quota (Fig. 3(c) ) are found to be sensitive to the same parameters, in particular , , , and , and their sensitivities are in a mild range of±0.8,
308
suggesting a greater stability compared to nitrate concentration and FAME production. it shows negative sensitivity to biomass concentration but positive sensitivity to nitrogen 330 quota. In addition, Fig. 3(a) shows that the biomass concentration is insensitive to the light inhibition term ( ), suggesting that the current experiments were not subject to 332 photoinhibition.
333
The sensitivity analysis reveals that both nitrate concentration and FAME production are 334 highly sensitive to the model parameters (up to ±6.0), as a very small change (1%) of specific 335 parameters, e.g. , , and , can cause a dramatic change (up to 6%) on these variables.
336
However, it is notable that the high sensitivities of these variables are attributed to different 337 causes. The nitrate consumption rate only depends on a few parameters ( and , Eq. 5),
338
hence, the nitrate concentration is not substantially affected by microalgal metabolic reaction 339 kinetics. This is also proven by its weak sensitivity (except which directly represents the 340 algal nitrate uptake rate) during the first 20 hours (shown in Fig. 3 
345
In contrast, the sensitivities of FAME can be attributed to its complicated synthesis 346 mechanisms. As biolipids constitute between 10% and 45% wt biomass, its production can be 347 affected by the same factors that influence biomass growth. Therefore, from Fig. 3 
(d) it is
348
found that the trends of the sensitivities of FAME with respect to both and are equal to 349 those for biomass concentration. In addition, as biolipid can be converted to other metabolites 350 and its consumption rate is proportional to the nitrate uptake rate, it is easy to see that has 351 a negative impact on FAME production when the culture is nitrate available (shown in Fig.   352 3(d)). Moreover, based on Eq. 8, and can be considered as the reaction kinetic constants
353
for FAME synthesis and consumption, respectively. Thus, as presented in Fig. 3(d) , these two 354 parameters possess the highest sensitivities to FAME production, and become particularly influential when the culture nitrate concentration approaches 0 and biolipid starts to 356 accumulate.
357
Overall, the current sensitivity analysis demonstrates that the synthesis of FAME is more 358 sensitive to the underlying biochemical reaction kinetics and experimental operating 359 conditions than biomass growth or nitrogen quota accumulation,. Hence, in order to improve 360 FAME production, it is vital to implement advanced process optimisation strategies which 361 guarantee optimal cultivation conditions for FAME synthesis. Fig. 4(b) ). Both the local biomass growth rate and FAME production rate decrease with 370 increasing biomass concentration inside the light zone where algal cells can receive 371 illumination for their growth (Fig. 4(b) and Fig. 4(c) ). This is caused by light attenuation and 372 lack of nitrogen quota.
373
As illustrated already in the model construction section (Eq. 7), the synthesis of biolipid 374 requires both illumination and nitrogen quota. During the initial experimental period when 375 nitrate is still available, local light intensity is the primary limiting factor for biolipid 376 synthesis. For example, at a biomass concentration of 0.7 g L -1 , the local biolipid synthesis 377 rate decreases along the light transmission direction, indicating that light attenuation limits its 378 production (Fig. 4(c) ). However, after nitrate is consumed, the nitrogen quota decreases 379 significantly in order to maintain the rapid growth of biomass (Fig. 4(b) , x-axis between 0 and 0.01). As biolipid synthesis rate is proportional to nitrogen quota, its synthesis rate is also 381 reduced dramatically (Fig. 4(c) ) even when there is sufficient light for biomass growth ( Fig.   382 4(a) and Fig. 4(b) , x-axis in between 0 to 0.01). This clearly suggests that the primary 383 limiting factor for FAME production has been switched to nitrogen quota. Similarly, because 384 biomass growth is also related to nitrogen quota, the lack of nitrogen quota also causes a 385 lower cell growth rate when biomass concentration increases from 1.5 g L -1 to 2.5 g L -1 as 386 shown in Fig. 4(b) .
387
Furthermore, based on the current simulation result, the effect of light intensity and nitrogen 388 quota on FAME production is presented in Fig. 4(d) . This shows, that the FAME production 389 rate always increases with increasing nitrogen quota, whilst an optimal value exists for light the optimal light intensity for algal biomass growth and lipid synthesis is estimated.
